Abstract Rationale: Motivational drive and its underlying affect-related states are the core mechanisms that precede the seeking and taking of drugs in substance dependence. Objective: The present study aimed to investigate the motivational relevance of cocaine cues and whether or not an appetitive emotional system is involved employing event-related potential (ERP) measurements. Methods: Cocaine-addicted subjects and healthy controls were exposed to neutral and cocaine-related pictures whilst ERPs were recorded simultaneously over frontal, parietal and midline sites. Results: Patients exhibited ERP amplitude discrepancies between neutral and cocaine-related pictures for N300, late slow positive wave (LSPW) and sustained slow positive wave (SSPW), whilst this effect was absent in control subjects. Differences in neutral and cocaine cue-evoked ERP waves were also found at left frontal sites for LSPW and SSPW in the patient group only. No group-specific cue-evoked ERP amplitudes were observed at parietal and midline sites. Conclusion: The findings confirm the assumption that cocaine cues induce motivational relevance in cocainedependent individuals. It is possible that exposure to cocaine cues triggers an appetitive emotional system since left frontal sites are assumed to be involved in processing positive emotional-laden stimuli. The present study provides evidence that the sensitivity of ERP correlates for cocaine cues may be an indicator of motivational and emotional processes in drug-dependent individuals.
Introduction
Craving describes a state of extreme desire (Kozlowski and Wilkinson 1987) and the pathological motivational drive that precede the seeking and taking of drugs (Van Ree et al. 1999) . For various researchers, this prominent characteristic has created the impetus to investigate craving and the involvement of different brain areas in addictive individuals. It has also stressed the importance of understanding this motivational state in relation to other cognitive processes (i.e. memory, attention) and emotional conditions. Comparing the underlying brain mechanisms of craving and more general emotional processes may well provide us with more knowledge towards the comprehension of the interaction between craving, affect-related states and motivational processes.
A number of brain-imaging studies have stressed the importance of mesolimbic and mesocortical systems in the control and regulation of addictive behaviours (Garavan et al. 2000; Goldstein and Volkow 2002) . These systems imply that dopaminergic projections of the ventral tegmental area to the nucleus accumbens, amygdala, hippocampus, anterior cingulate cortex and prefrontal cortex play a major role in the motivational and rewarding effects of addictive drugs (Wise 1996; Verheul et al. 1999 ). According to Goldstein and Volkow (2002) , the mesolimbic system is involved in the reinforcing effects of drugs and conditioned responses during craving, whilst this system is also responsible for emotional and motivational changes during withdrawal. However, the mesocortical system is involved in the conscious experience of the intake of a drug and the attribution of incentive salience to environmental stimuli (drug cues) associated with drug use (for a review see Robinson and Berridge 1993 , 2000 . After being exposed to such incentives, craving experiences occur that may lead to compulsive drug administration and relapse (McKay 1999) .
With the knowledge of the involvement of the mesolimbic and mesocortical system in craving and relapse, further research is needed into the motivational drive of drug-seeking subjects and as to whether or not connections to an emotional system can be made. Relevant theories are provided in studies carried out by Watson et al. (1988) and Lang et al. (1993 Lang et al. ( , 1998 , where it was concluded that affect-related states are the core mechanisms of motivational drive that characterise approach and avoidance tendencies. From this point of view, it is highly likely that heightened approach tendencies could be preceded by appetitive responses whilst heightened withdrawal tendencies could be preceded by aversive responses. However, it is not yet clear whether drugrelated stimuli have an appetitive or aversive value in drug-dependent individuals, since inconsistent findings are presented. A study by Geier et al. (2000) on motivational effects of drug cues in smokers provided evidence for appetitive values of cues related to smoking, whereas a study by Franken et al. (2004) found motivational relevance of cocaine cues in cocaine-dependent individuals. However, the latter study failed to differentiate between appetitive and aversive responses.
Recently, neuro-imaging techniques, such as positron emission tomography (PET) and fluorescence magnetic resonance imaging (fMRI), have been employed to assess craving experiences of drug-dependent subjects and their relationship with motivational and emotional processes. Several studies (Breiter et al. 1997; Maas et al. 1998; Weinstein et al. 1998; Childress et al. 1999; Volkow et al. 1999; London et al. 2000; Garavan et al. 2000; Wexler et al. 2001; Goldstein and Volkow 2002) suggest participation of the prefrontal cortex when subjects were exposed to drug-related stimuli due to dopaminergic projections from the anterior cingulate cortex. Moreover, London et al. (2000) together with Maas et al. (1998) found activation of left dorsolateral prefrontal sites to be significantly correlated with subjective measures of craving. The contribution of left frontal sites could be related to appetitive sensation of drug cues since left frontal brain areas are involved when subjects are experiencing increased approach tendencies and right frontal brain areas when experiencing increased avoidance tendencies (Watson and Tellegen 1985; Davidson et al. 1990; Fox 1991; Fox et al. 1995; Davidson 2000) .
Another technique, which is useful to study the relationship between brain activity and the motivational relevance of drug cues in addicts, is a specific application of electroencephalogram (EEG), known as event-related potentials (ERPs). In particular, cue-evoked P300 and slow positive waves (SPWs) are thought to reflect allocation of attention and effort during a variety of cognitive processing tasks (Kok 1997) . Both waves have also been shown to be sensitive to processing requirements in emotional tasks and, thus, could indicate motivational significance of affect-related processes Schupp et al. 2000) . However, research on P300 and SPW responsiveness in addicted individuals is scarce. Herrmann et al. (2000 Herrmann et al. ( , 2001 found enhanced P300 amplitudes in alcoholics whilst exposed to alcohol cues. Furthermore, similar outcomes were found in smokers whilst exposed to smoking cues (Warren and McDonough 1999) . Franken et al. (2003) examined ERPs in heroindependent patients and control subjects whilst exposed to neutral and heroin-related pictures. No enhanced P300 amplitudes on heroin cues were found. However, they did find larger SPWs on heroin cues than on neutral cues in heroin addicts, indicating motivational relevance of heroin-related stimuli.
Various imaging studies have been conducted with the aim to find indications of the involvement of prefrontal brain areas in craving experiences and its relationship to motivational and emotional processes. ERP responses appear to offer a useful technique to assess motivational relevance and the emotional value of drug-related stimuli and may provide further understanding of craving and motivational drive to seek drugs in substance dependency. The present study aimed to investigate motivational relevance of cocaine cues in abstinent cocaine-addicted individuals. For that purpose, abstinent cocaine-addicted subjects and healthy controls were presented with neutral and cocaine-related pictures, whilst ERPs were recorded simultaneously over the left and right frontal and parietal sites, and over midline sites. The present study focussed on frontal and parietal electrode sites since those areas have been found to be activated during craving (London et al. 2000) and are involved in experiencing emotional states (Davidson 1992) . In addition, midline electrodes were examined since most pronounced SPWs elicited by emotional cues have been reported at midline sites Franken et al. 2003) . It was expected that cocaine pictures would evoke enhanced potentials at frontal, parietal and midline sites relative to neutral pictures in cocaine-dependent individuals, whereas this effect would be absent in healthy control subjects. More precisely, it was expected that the most pronounced effects would be observed at late positive potentials, since these have been found to be enhanced during exposure of motivational relevant cues . Furthermore, previous components were assumed to differentiate between emotional stimuli (Kayser et al. 1997) ; thus, effects were expected in those potentials as well. It was further assumed that left frontal sites would be more responsive to cocaine pictures if these pictures had an appetitive value, whilst right frontal sites would be more responsive when cocaine pictures are perceived as aversive. Finally, positive correlations between cocaine cueelicited ERP waves and subjective experience of cocaine craving were expected.
Method

Subjects
Twenty-six male cocaine-dependent patients (mean age 35.4 years, SD=7.6 years) and 20 healthy male control subjects (mean age 40.6 years, SD=9.9 years) voluntarily participated in the present study. The age difference between the groups was not significant (t 44 =2.02, P>0.05). Patients were recruited from an inpatient treatment centre for substance dependency (Parnassia PsychoMedical Center, the Hague, the Netherlands) and were abstinent of all psychoactive drugs (including methadone) for a minimum of 1 month (mean abstinence duration 7.6 months, SD=3.4 months). History of drug use and treatment are summarised in Table 1 . All of the patients were free of withdrawal symptoms and none of them received any prescribed or non-prescribed medication prior to or throughout the experimental procedure. Since it is likely that treatment staff are frequently exposed to cocaine cues, 18 control subjects were recruited from the treatment staff to control for familiarity effects. None of the control group members experienced any addiction to substances. Level of education was determined in accordance with the Dutch educational system. The control group consisted of 15 subjects with higher education, one subject with middle education and four subjects with lower education. In the patient group, two subjects had higher education, one subject had middle education and 23 subjects had lower education. Chi-square analysis for educational levels showed a significant difference between groups (χ 2 =22.2, P<0.001). All participants were righthanded and none experienced any neurological, psychopathological or ophthalmic problems. Approval from the Ethics Committee at the institution was obtained, and subjects provided a written informed consent.
Experimental design
Thirty-seven neutral photographs and 37 cocaine-related photographs were used in the present study. The neutral stimuli consisted of coloured pictures selected from the International Affective Picture System 1 (Lang et al. 1999 ). The cocaine-related stimuli were reallife digital photographs of cocaine use and cocaine paraphernalia that were edited identical to size and quality of the IAPS pictures. The pictures were presented in random order at the centre of a black screen using ERTS software (Berisoft, Germany) on an IBM-G54 monitor with a stimulus duration of 4000 ms. Prior to stimulus presentation, an empty screen appeared for 500 ms followed by a warning signal (three white exclamation marks) for 1000 ms. Then, again, an empty screen was presented for 250 ms followed by a white fixation cross for 500 ms at the centre of the screen. During stimulus presentation, subjects had to fixate their eyes on the fixation cross. After stimulus presentation, an empty screen appeared for 500 ms followed by a white response screen for 1500 ms, prompting the subject to respond. Four neutral photographs served as practice trials prior to the actual start of the experiment. The experiment started with two neutral pictures that were excluded from further analysis.
Procedure
Before participation, personal data were recorded and information was provided concerning EEG measurements and exposure to cocaine-related stimuli. For the patient group, self-reported craving questionnaires [Desire for Drug Questionnaire (DDQ) and Obsessive Compulsive Drug Use Scale (OCDUS)] were completed prior to the preparation of physiological recordings. The subject was seated in a comfortable chair in front of the computer screen. The subject was told that he would see a sequence of photographs and instructed to delay their response until the response screen appeared. The response buttons were four keys in a row of the keyboard situated in front of the subject. The instruction was to push with their index fingers of both hands on the inner buttons when they found the picture positive whilst pushing their middle fingers on the outer buttons when they found the picture negative. The subjects had to press the buttons with both hands simultaneously in order to prevent lateralised ERP motor-activity. No response errors could be made since the response reflected the judgment of the subject regarding the valence of the presented picture. The subject was instructed to watch the photographs during the entire experiment in order to prevent distraction by surrounding stimuli. After the experiment, the self-reported craving questionnaire (DDQ) was completed again. All subjects were requested to return at least 1 week after the experiment to rate the presented pictures on their valence and arousal properties.
Behavioural measures
Demographic data were recorded for the control and patient groups (age, education, hand preference, physical and mental health). For the patient group, previous substance abuse was assessed using the Drug Use scale of the Addiction Severity Index (Hendriks et al. 1989) .
Craving levels were assessed by means of two questionnaires: DDQ and OCDUS for use in heroin addicts (Franken et al. 2002) . For the present study, the word "heroin" was replaced by the word "cocaine". The DDQ measures instant craving and consists of three subscales: (a) desire and intention to use cocaine, (b) negative reinforcement and (c) perceived control over cocaine use. For the measurement of general craving (craving experiences over the previous week), the OCDUS was used. This questionnaire contains three subscales: (a) thoughts concerning cocaine, (b) control and desire to use cocaine and (c) resistance to thoughts and intentions to use cocaine. It was decided not to use the third scale for further analysis due to its low reliability (Franken et al. 2002) . The subscales of the DDQ range from 1 (low score) to 7 (high score) and the subscales of the OCDUS range from 1 (low score) to 5 (high score).
The two-item Self-Assessment Manikin (Bradley and Lang 1994 ) was used to obtain subjective reports concerning valence and arousal properties of the cocaine-related pictures presented during ERP recordings in controls and patients. The SAM is a 9-point non-verbal affective rating scale that immediately measures valence and arousal levels of stimuli. Valence scores range from 1 (very negative) to 9 (very positive). Arousal is rated from experiencing low (≥1) to high (≤9) levels of arousal. 2190, 2200, 2210, 2214, 2280, 2312, 2372, 2383, 2440, 2480, 2518, 2575, 2580, 5120, 5390, 5510, 5535, 5731, 6150, 7000, 7002, 7009, 7010, 7020, 7025, 7030, 7031, 7040, 7050, 7060, 7080, 7090, 7130, 7150, 7160, 7170, 7175, 7184, 7187, 7217, 7233, 7491 and 7705 . Other photographs were used, although not reported.
Electroencephalographic procedure
Continuous EEG and electro-oculogram (EOG) signals were recorded using digital Schwartzer amplifiers (Brainlab, OSG, Belgium) with a 16-bit A/D conversion and a sample rate of 500 Hz. The signals were analysed using BrainVision software (Brain Products, Germany). The EEG was recorded employing Electro-Cap Ag/AgCl electrodes at 21 scalp sites.
2 The recorded EEG data were referenced to Cz and off-line re-referenced to linked mastoids. A ground electrode was placed at a mid-frontal location. The vertical and horizontal EOGs (VEOG and HEOG, respectively) were bipolarly recorded with Ag/AgCl electrodes, located above and beneath the left eye for VEOG and at the outer cantus of each eye for HEOG. Electrode impedance was kept below 5 kΩ.
Data reduction and analysis
Continuous EEG and EOG were off-line filtered with a low-pass set at 35 Hz, both with 24 dB/Oct roll off. A notch filter of 50 Hz was employed to remove electrical line interference. EEG and EOG records were segmented in 4100-ms epochs including a pre-stimulus baseline of 100 ms. After segmenting, EEG was corrected for vertical and horizontal eye blinks employing Gratton and Coles algorithm (Gratton et al. 1983 ). In addition, EEG activity above −/ +100 μV and a gradient above 50 μV (more than 50 μV step/ sampling point) were excluded from further analysis. Pre-stimulus baseline correction was applied separately for each picture category (neutral and cocaine-related photographs) and epochs were averaged across trials. Overall grand averages were obtained for each picture category in both the patient and control groups. Visual inspection of the grand averages revealed that the ERP waveform was characterised by a sequence of positive and negative peaks at anterior sites (200-700 ms) and an early positive going wave at posterior sites (300-700 ms). At anterior and posterior sites, a positive slow wave can be observed (700-4000 ms). Since considerable variance in amplitudes and latencies was observed, it was decided to apply area measurements. See Fig. 1 for the time intervals at anterior sites. At anterior sites, mean amplitudes were calculated in the time range 200-400 ms (N300) and 400-700 ms (N600). The SPW was divided into three segments: a window from 700 ms to 1200 ms captured the early SPW (ESPW), a window from 1200 ms to 2000 ms captured the late SPW (LSPW) and a window from 2000 ms to 4000 ms captured the sustained SPW (SSPW). At posterior sites, average amplitudes were calculated in three time intervals: P600 with an interval from 400 ms to 700 ms, the SPW with an interval from 700 ms to 1500 ms and the SSPW from 1500 ms to 4000 ms. For replication purposes, the same time window was applied as by Franken et al. (2003) for midline sites. Mean amplitudes were calculated in four time windows: 300-400 ms (P300), 400-700 ms (the extended P300, Ext. P300), 700-1000 ms (the SPW) and 1000-4000 ms (the SSPW).
Statistical analysis
For each time interval, statistical significance of ERP effects was assessed by performing repeated-measures analysis of variance (ANOVA). Since frontal, parietal and midline sites were of importance, it was decided on the basis of previous studies (Davidson 1992; Schupp et al. 2000; Cuthbert et al. 2000; Franken et al. 2003) to limit the analysis to nine electrode sites (F8, F7, F4, F3, P4, P3, Fz, Cz, and Pz). In the ANOVAs on frontal ERP components, group (control versus patients) served as the betweensubjects factor, and cue type (neutral and cocaine) and laterality (left, F3 and F7, versus right, F4 and F8) as within-subjects factors. Separate analysis was performed for F3 and F4, and F7 and F8. A similar design was employed for parietal amplitudes with two electrode sites (P3 and P4) as the laterality factor. For midline sites, the laterality factor was replaced by site (Fz, Cz and Pz) as withinsubjects factor. Statistical analysis was performed with and without correcting for multiple tests by applying Bonferoni correction. To control for unequal error covariances, Huynh-Feldt or GreenhouseGeisser correction on the df values were applied for analyses of midline sites and will be reported when relevant. To assess relationships between cue-evoked ERP amplitudes and craving levels (OCDUS and post-exposure questionnaire DDQ), Spearman correlation coefficients were calculated. Interpretations of correlations were as follows: negative correlations found between selfreported craving and ERP amplitudes indicate that when craving levels increase amplitudes decrease, whilst positive correlations signify that increasing craving experiences coincide with increasing amplitudes. It was decided to only calculate correlations between cocaine-cue-evoked ERP amplitudes found in significant group interaction effects and self-reported craving levels.
Results
Frontal sites
See Fig. 1 for grand averages of ERP waveforms at F3 and F4, and F7 and F8 for neutral and cocaine-related pictures of patients and controls. For N300, the overall analysis showed a significant main effect for cue type at F3 and F4 (F 1,44 =23.20, P<0.0001), indicating that neutral pictures elicited larger negative amplitudes than cocaine pictures. A significant group×cue type interaction effect was found at F7 and F8 (F 1,44 =5.87, P=0.02). Further analysis revealed a significant effect of cue type (F 1,25 =14.62, P=0.001) in the patient group only, showing that neutral pictures evoked larger negative amplitudes than cocaine pictures. After Bonferoni correction for multiple tests, only cue type at F3 and F4 (F 1,44 =23.20, P<0.0006) showed a significant effect.
For N600, main effects were found for cue type at F3 and F4 (F 1,44 =4.58, P=0.038), and at F7 and F8 (F 1,44 =5.27, P=0.027). Neutral pictures evoked larger negative amplitudes than cocaine pictures at F3 and F4, whilst this effect was reversed at F7 and F8. No significant effects were found after Bonferoni correction.
For ESPW, a cue type×laterality interaction effect was observed at electrode sites F3 and F4 (F 1,44 =4.31, P=0.044). Compared with neutral pictures, cocaine pictures elicited more pronounced positive amplitudes at F4, whilst no differences were observed at F3. No group differences were found. No significant effects were found after Bonferoni correction.
Overall analysis of LSPW showed no significant effects at F3 and F4. However, at F7 and F8, a significant group×cue type×laterality interaction effect was found (F 1,44 =7.55, P=0.009). Further analysis revealed no significant effects in the control group. In the patient group, a cue type×laterality interaction effect was found (F 1,25 =4.65, P=0.041). In addition, it appeared that cocaine pictures evoked larger positive amplitudes than neutral pictures at F7 (F 1,25 =6.78, P=0.015) . No significant difference was found between neutral and cocaine pictures at F8. After Bonferoni correction, a significant group×cue type×laterality interaction effect was found Fig. 1 Event-related potential averages for neutral (black) and cocaine (grey) cues at F3 and F4, and F7 and F8 of patients and controls. N300, N600, ESPW, LSPW, and SSPW refer to mean amplitudes in a specific time-interval (F 1,44 =7.55, P=0.05) at F7 and F8. Further analysis revealed no significant effects.
For SSPW, a main cue-type effect was found at F3 and F4 (F 1,44 =5.27, P=0.027), indicating larger positive amplitudes for cocaine pictures than neutral pictures. Furthermore, a significant group×cue type×laterality interaction effect was found at F7 and F8 (F 1,44 =8.49, P=0.006). Further analysis showed a cue type×laterality interaction effect in the control group (F 1,19 =4 .38, P=0.05). However, contrast analysis revealed no significant effects. Further analysis of the patient group revealed a significant cue type×laterality interaction (F 1,25 =4.97, P=0.035). This interaction revealed that cocaine pictures elicited larger positivity than neutral pictures at F7 (F 1,25 =3.93, P=0.059), whereas no differences were found between neutral and cocaine pictures at F8. After Bonferoni correction, a significant group×cue type×later-ality interaction effect was found at F7 and F8 (F 1,44 =8.49, P=0.036). Further analysis revealed no significant effects. The mean amplitudes of N300, LSPW and SSPW are displayed in Table 2 .
Parietal sites
For P600 and SPW, significant cue-type effects were found (all F 1,44 values>29.99, all P values<0.0001), indicating larger positive amplitudes for cocaine pictures than for neutral pictures. No significant group or laterality effects were observed at P3 and P4. After correction for multiple tests, significant cue-type effects were found for P600 and SPW (all F 1,44 values>29.99, all P values<0.0006).
Midline sites A significant cue type×site interaction effect was found for P300 (F 2,88 =11.10, P<0.0001), Ext. P300 (F 2,88 =46.59, P<0.0001) and SPW (F 2,88 =18.57, P<0.0001), showing that cocaine pictures elicited larger positivity than neutral pictures at Cz (all F 1,45 values>40.88, all P values<0.0001) and Pz (all F 1,45 values>74.73, all P values<0.0001). For SSPW, a significant cue-type effect was found (F 1,44 =9.17, P=0.004), indicating larger positive amplitudes for cocaine pictures than for neutral pictures. ANOVAs revealed no significant group effects at Fz, Cz and Pz. All significant effects mentioned above were found after correction for multiple tests (F 2,88 =11.10, P<0.0006; F 2,88 =18.57, P<0.0006; all F 1,45 values>40.88, all P values<0.0006; all F 1,45 values>74.73, all P values<0.0006; F 1,44 =9.17, P=0.024; respectively).
Self-reported craving and ERP waves
The scores on the post-exposure DDQ were slightly enhanced compared with those of the pre-exposure DDQ. The DDQ and OCDUS scores are presented in Table 3 . None of the amplitudes of neutral cue-elicited ERP waves was significantly correlated with self-reported craving. However, cocaine-evoked N300 amplitudes at F7 and F8 showed a significant correlation with DDQ-desire and intention to use cocaine (r=0.41, P=0.038). No significant effects were found after correction for multiple tests.
SAM ratings concerning valence and arousal properties of cocaine-related pictures
Valence and arousal scores on cocaine-related pictures showed minimal variance between subjects in both groups and, furthermore, no significant differences in ratings were observed between the patient and control group. Valence and arousal ratings on the cocaine-related pictures in the present study are presented in Table 4 . Table 3 Self-reported craving data of the patient group. Preexposure and post-exposure Desire for Drug Questionnaire (DDQ): desire and intention to use cocaine (des), negative reinforcement (neg) and perceived control over cocaine use (con 
Discussion
The present study investigated the motivational relevance of cocaine cues in cocaine-dependent individuals employing ERP measurements. Several hypotheses were formulated concerning group differences in neutral and cocaine cue-evoked ERP waves and self-reported craving. It was expected that cocaine cue-evoked potentials would be enhanced relative to neutral cue-evoked potentials at frontal, parietal and midline sites in cocaine-addicted subjects, whereas this effect was expected to be absent in healthy control subjects. Furthermore, left frontal sites would be more responsive when subjects were experiencing cocaine-related pictures as appetitive, whilst right frontal sites would be more responsive when subjects were experiencing cocaine-related pictures as aversive. In view of the described hypotheses, only interactions, which at least involved group as a factor, will be discussed.
The main results of the present study showed ERP amplitude discrepancies between neutral and cocainerelated pictures for N300, LSPW and SSPW at frontal sites. This prominent finding was only present in the patient group and not in the control group, confirming the assumption of motivational relevance of cocaine cues in cocaine-addicted individuals. Drug-related stimuli are assumed to grab the attention of the drug addict (Franken et al. 2000a,b) and, therefore, could have high motivational properties for substance-dependent patients (Franken 2003) . The findings also support the incentivesensitisation theory of Robinson and Berridge (1993 , 2000 , implying that the attribution of incentive salience to stimuli-related to drug use-triggers the addict's attention and motivation when exposed to those incentives. Although the cocaine-dependent individuals classified the cocaine-related pictures on their valence and arousal levels similar to controls, cocaine cue-evoked ERP responses seemed to reveal the contrary.
The present study found cue-evoked ERP amplitude discrepancies for an earlier negativity (N300). This component is associated with the initial semantic processing of pictorial stimuli (Barrett and Rugg 1990; McPherson and Holcomb 1999; Kounios 2002; West and Holcomb 2002) and direction of attention towards relevant cues (West and Ross-Munroe 2002) . Since drug cues require additional attention in drug addicts due to their motivational significance (Franken 2003) , it can be assumed that the motivational relevance of cocaine-related stimuli in addictive individuals is already detected at earlier stages of processing. This finding is partially in agreement with previous studies (Herrmann et al. 2000 (Herrmann et al. , 2001 which found enhanced P300 amplitudes in alcoholdependent subjects whilst exposed to alcohol cues. However, no N300 differences in amplitudes were reported. Even though N300 and P300 probably represent different processes (due to their different topographical distribution), both seem to be sensitive to motivational processes.
Neutral and cocaine-related pictures also elicited variations in amplitudes for LSPW and SSPW. It appeared that cocaine cue-evoked amplitudes were larger than neutral cue-evoked amplitudes and that this effect was most pronounced at left frontal sites. Again, this latter effect was not found in healthy control subjects. It should be noted that the differentiation of the control and patient groups at left frontal sites seems to be due to differences in response to neutral cues; in particular, the control group seems to have a positive shift over the left hemisphere that overlaps with N600 and leads to a SSPW. However, closer inspection of the left neutral and cocaine-evoked ERP waves shows that the patients are characterised by larger peak-peak responses to cocaine cues than to neutral cues. This observed difference in neutral and cocaine cueevoked ERP waves at left frontal sites could indicate the possible involvement of an emotional system, since frontal brain areas are differentially involved in processing emotional laden stimuli (Silberman and Weingartner 1986; Davidson 1992 ) and appear to play a fundamental role in approach and avoidance motivational tendencies (Watson and Tellegen 1985; Davidson et al. 1990; Davidson 2000) . The results of the present study are in concordance with previous fMRI studies (Maas et al. 1998; Garavan et al. 2000) , which demonstrated left frontal activation when cocaine addicts experience desirable sensation for cocaine when exposed to cocaine cues. The involvement of the frontal lobes in cocaine addiction has been consistently observed (Breiter et al. 1997; London et al. 2000; Goldstein and Volkow 2002) . This frontal engagement has been interpreted in terms of cognitive behavioural and emotional changes during exposure to cocaine cues that could be related to the appetitive experience of cocaine-related pictures and could lead to approach tendencies towards drugs. Concerning inflating type-1 errors due to multiple significance testing, the overall analysis of LSPW and SSPW are still, after being corrected, significant in effect and therefore regarded robust.
Previous PET and fMRI studies reported the involvement of the prefrontal cortex in craving experiences in drug-dependent individuals (Maas et al. 1998; Weinstein et al. 1998; Volkow et al. 1999; London et al. 2000) . The present study found a significant correlation between cocaine cue-elicited N300 wave at frontal sites and cocaine-induced craving experiences. It is enticing to conclude that ERPs may be an adequate index for measuring craving experiences in abstinent cocaine addicts. However, the correlation was not consistent and thus, in this perspective, should be interpreted with care. Cocaine-related pictures alone may not elicit strong craving experiences in this specific population of abstinent (7 months) cocaine addicts and the subjective experience of craving is more enduring than EEG correlates of craving (Bauer and Kranzler 1994) ; hence, it could not be related to cocaine cue-evoked ERP amplitudes. However, the results of an ERP study by Franken et al. (2003) revealed robust significant positive correlations between heroin cue-evoked ERP amplitudes and self-reported craving for heroin. A possible explanation for this divergence in outcomes could be that subjects in the study by Franken et al. (2003) were recruited from a detoxification unit whereas subjects in the present study were recruited from a treatment centre and were therefore highly expected to respond in a socially desirable manner (Sjostrom and Holst 2002) . Another explanation could be that the mean abstinence period for all addictive drugs in the current study was approximately 7 months, whilst being less than 1 month in the study by Franken et al. (2003) . Therefore, it is assumable that craving levels of subjects in their study were considerably higher than in subjects in the present study.
The present study hypothesised that cocaine-addicted subjects would process cocaine cues differently than neutral cues and that this effect would be manifested in changes in late positive waves at midline sites. Late positive potentials reflect the involvement of a motivational system as a consequence of exposure to emotional laden stimuli Schupp et al. 2000; Franken et al. 2003) . In the present study, cocaine-related pictures evoked larger late positive waves than neutral pictures for cocaine-addicted individuals as well as for healthy controls. A possible explanation could be that neutral cues can be very easily discriminated from cocaine cues possibly leading to the classification of stimuli.
Since group-specific ERP amplitude differences were observed at frontal sites, it is possible that emotional processing is more frontally distributed and that posterior sites are primarily involved in the process of classifying stimuli that are designated as significant (e.g. cocaine cues) by both groups (Daffner et al. 2003) . Future studies are required into the consequences of processing emotional laden stimuli for cue-evoked ERP waves at posterior and anterior sites.
In summary, the present study illustrates that exposure to cocaine-related pictures could induce motivational relevance of cocaine cues and may trigger an appetitive emotional system in cocaine-dependent individuals. The absence of group-specific cue-evoked ERP responses at parietal and midline sites could indicate the unique function of the lateral frontal lobes in processing emotional and motivational relevant cues (drug-related pictures) in substance-dependent individuals. It should be noted that there were contradictory findings of similar valence and arousal reports on cocaine-related pictures by cocaine-addicted subjects and healthy controls and the observed patient group-specific cocaine cue-evoked ERP amplitudes. The participants in the present study consisted of abstinent cocaine addicts and, even after an abstinence period of approximately 7 months, the motivational properties of cocaine cues as manifested by brain activity are still present and may induce relapse.
